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METHOD FOR MANUFACTURING SILICON
CARBIDE SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method for manufactur-
ing a silicon carbide semiconductor device, and more particu-
larly relates to a method for manufacturing a silicon carbide
Schottky barrier diode.

2. Description of the Background Art

In manufacture of a silicon carbide Schottky barrier diode
(hereinafter, described as SiC-SBD), what are important are
selection of a Schottky metal material and stabilization of
forward characteristics thereof. Common examples of the
Schottky metal material include Ti, Ni, Mo, W, and the like. In
a case of manufacturing a Ti Schottky diode provided on a
rear surface thereof with an Ni ohmic junction, there arise the
following process features and problems.

In akV class high withstand voltage SiC Schottky diode, a
p-type termination structure is essentially required for relax-
ation of a peak of an electric field (electric field concentra-
tion), since electric field concentration is normally caused in
the vicinity of an outer edge of a Schottky electrode. In
general, such a termination structure is formed by implanting
ions of p-type impurities such as Al (aluminium) and B (bo-
ron) into an n-type epitaxial layer and performing activation
annealing at a high temperature of at least around 1500° C.

In order to form a Ti Schottky junction of excellent char-
acteristics, the Schottky junction is desirably formed on a
front surface in an early stage of a wafer process. However,
the Ni ohmic junction to be formed on the rear surface should
be formed by annealing at a high temperature of approxi-
mately 1000° C., while the Ti Schottky junction is not strong
enough to be kept in an appropriate state at such a high
temperature. Therefore, it is presently general to form the Ni
ohmic junction on the rear surface and then form the Ti
Schottky junction on the front surface.

Japanese Patent Laid-Open No. 3890311 discloses a
method for manufacturing a semiconductor device by form-
ing at one time a Schottky junction on a front surface and an
ohmic junction on a rear surface. Techniques relevant to the
present invention are also disclosed in Japanese Patent Laid-
Open No. 3884070, Japanese Patent Application Laid-Open
No. 2004-172400, and Japanese Patent Application Laid-
Open No. 2000-164528.

In manufacture and evaluation of an SiC-SBD, character-
istics of a backward leakage current and a backward with-
stand voltage out of device characteristics thereof are greatly
influenced by a defect in a wafer or a epitaxial layer as well as
a defect in process. Forward characteristics, particularly bar-
rier heights ¢B and an n-value, are greatly influenced by
preprocessing conditions in forming a Schottky junction,
conditions in forming a Schottky metal film, a method for
patterning the Schottky metal, and conditions in burning and
heating after application of a sealant such as polyimide. The
Ti Schottky diode has also been required to be manufactured
such that the above-described processes do not influence the
forward characteristics. However, an SiC-SBD manufactured
in accordance with a conventional method has a problem that
forward characteristics thereof are not stabilized, and in par-
ticular, barrier heights ¢B are varied in a range of approxi-
mately 1.05to 1.25 eV.

The manufacturing method described in Japanese Patent
Laid-Open No. 3890311 would be ideal if metals of a same
type are used as a Schottky material for a front surface and an
ohmic material for a rear surface and excellent junctions are
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obtained by annealing at one time. However, this method
remarkably narrows process margins in practice, and there-
fore, is not suitable for a mass production process in view of
objects such as increasing a rate of excellent qualities in an
entire wafer and manufacturing devices stably and reproduc-
ibly.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a method
for manufacturing a silicon carbide semiconductor device
having constant characteristics with less variations in forward
characteristics.

According to the present invention, the method for manu-
facturing a silicon carbide semiconductor device includes the
following steps (a) to (h).

The step (a) is to prepare a silicon carbide substrate.

The step (b) is to form an epitaxial layer on a first main
surface of the silicon carbide substrate.

The step (c) is to form a protective film on the epitaxial
layer.

The step (d) is to form a first metal layer on a second main
surface of the silicon carbide substrate.

The step (e) is to apply, after the step (d), heat treatment to
the silicon carbide substrate at a predetermined temperature
s0 as to form an ohmic junction between the first metal layer
and the second main surface of the silicon carbide substrate.

The step (f) is to remove, after the step (e), the protective
film.

The step (g) is to form, after the step (f), a second metal
layer on the epitaxial layer.

The step (h) is to apply, after the step (g), heat treatment to
the silicon carbide substrate at a temperature from 400° C. to
600° C. so as to form a Schottky junction of desired charac-
teristics between the second metal layer and the epitaxial
layer.

It is possible to reduce the variations in the forward char-
acteristics, and in particular, a variation in barrier heights ¢B
by keeping the silicon carbide substrate covered with the
protective film until a Schottky metal is formed and by apply-
ing heat sintering to anneal at a temperature from 400° C. to
600° C. after a Schottky metal film is formed. Accordingly, it
is possible to manufacture and provide a device chip having
constant forward characteristics.

These and other objects, features, aspects and advantages
of'the present invention will become more apparent from the
following detailed description of the present invention when
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, 1C, and 1D are cross sectional views show-
ing a process of manufacturing a silicon carbide semiconduc-
tor device according to First Embodiment of the present
invention;

FIG. 2 is a cross sectional view showing a conventional
silicon carbide semiconductor device; and

FIG. 3 is a graph showing characteristics of barrier heights
¢B of the silicon carbide semiconductor device according to
First Embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

FIGS. 1A to 1D are cross sectional views showing a pro-
cess of manufacturing a silicon carbide semiconductor device
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(silicon carbide Schottky diode; hereinafter, described as
SiC-SBD) according to First Embodiment of the present
invention. The manufacturing process includes the following
first to fourth steps.

First Step: To begin with, description is given to the process
until an ohmic junction is formed with reference to FIG. 1A.
There is prepared an n-type silicon carbide substrate. The
present embodiment is described in a case of using an n*
substrate 1 provided with a 4H—SiC (0001) silicon surface.
The n* substrate 1 has a resistivity of approximately
0.02Q-cm.

Subsequently, there is formed on a front surface of the n*
substrate 1 an n-type epitaxial layer 2 including impurities at
a concentration of as low as approximately 5x10*%/cm>. A
front surface of the n-type epitaxial layer 2 is sacrificially
oxidized to form a protective film such as an SiO, thermally
oxidized film 10 on a reverse side of the n* substrate 1. The
thermally oxidized film 10 formed on the front surface of the
n-type epitaxial layer 2 functions as a process protective film.
As described later, the thermally oxidized film 10 is removed
immediately before a metal layer 5 (see FIG. 1B) is formed,
so that the front surface of the n-type epitaxial layer 2 is
reproducibly stabilized also from a chemical point of view
after the thermally oxidized film 10 is removed, thereby
enabling formation of an excellent Schottky junction. It is
noted that the thermally oxidized film 10 is an SiO, thermally
oxidized film having a thickness from 10 nm to 50 nm.

Formed next is a termination structure in the n-type epi-
taxial layer 2. Since electric field concentration tends to occur
at an end of a Schottky electrode, the termination structure is
formed to relax the electric field concentration and stably
secure an over kV class withstand voltage. In order to obtain
such a termination structure, Al ions are implanted to form a
GR (Guard Ring) implantation layer 3 functioning as a struc-
ture for relaxing the electric field concentration at the end of
the Schottky electrode. Further, implanted to an immediate
outside of the GR implantation layer 3 are Al ions having a
concentration slightly lower than that of the GR implantation
layer 3, so as to form a JTE (Junction Termination Extension)
implantation layer 4 for reducing a surface electric field.

Then, annealing (heat treatment) is performed to activate
the Al ions included in both of the GR implantation layer 3
and the JTE implantation layer 4. Such annealing can be
conducted by using an SiC-CVD device of a Furness type in
an atmosphere of depressurized H, and C;Hy at 1350° C. for
approximately 15 minutes. By conducting such annealing,
C;H; suppresses sublimation of carbon atoms from silicon
carbide thereby to suppress, to less than 1 nm, height difter-
ences in surface irregularity such as bunching steps generated
after the annealing is performed. As the height differences in
the surface irregularity are suppressed to less than 1 nm,
oxidized portions can be avoided to remain after the SiO,
thermally oxidized film is removed.

This annealing may be performed by using an annealing
furnace of an RTA type in an atmosphere of Ar under an
ordinary pressure, instead of by using highly vacuumed gas or
a particular kind of gas such as H,, C;Hg, or the like.

In a case where annealing is performed by using the anneal-
ing furnace of the RTA type in the atmosphere of Ar under the
ordinary pressure, an effective technique for suppressing gen-
eration of bunching steps is mounting a graphite cap (G-cap)
to perform the annealing. When annealing is applied to a
wafer structure provided with a graphite cap by using a single
wafer furnace of an RTA type at a temperature ranging from
atleast 1500° C. to 1700° C. for 10 minutes, a p-type implan-
tation layer sufficiently functions as a termination structure
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with an activation rate of at least 50% and there is generated
no bunching step having a height of 1 nm or more.

On the other hand, in a case where no G-cap is provided,
there are generated bunching steps having heights of approxi-
mately 20 nm and a leakage current is increased due to such
an irregular shape. On an SiC surface provided with the
bunching steps having heights of approximately 20 nm, there
appears another surface orientation in addition to the (0001)
silicon surface. As apparent from the fact that a thermally
oxidized (000-1) carbon surface is formed with an SiO, ther-
mally oxidized film 10 having a thickness of at least about 10
times of that of the (0001) silicon surface, the variation is
remarkably increased in the thickness of the SiO, thermally
oxidized film 10 in the wafer surface, so that the thermally
oxidized film 10 may improperly remain locally even after
fluorine etching is performed to remove the oxidized film and
that the leakage current is increased.

Inthe SiC-SBD, Tiis adopted as a material for the Schottky
junction onthe (0001) silicon surface on the front side, and Ni
is adopted as a material for the ohmic junction on the (000-1)
carbon surface on the rear side. One of the major reasons why
the (0001) silicon surface is formed with the Schottky junc-
tion is that, in a case of epitaxially growing an n-type drift
layer of excellent quality on an n-type 4H—SiC substrate, it
is generally understood to be technically difficult to obtain
epitaxial growth of excellent quality on the (000-1) carbon
surface. In addition, as the sacrificially oxidized film can be
limited to be relatively thin on the (0001) silicon surface, it is
possible, as a result, to prevent the oxidized film from being
remained.

In the SiC-SBD, an interface between Ti and SiC includes
the junction that most influences the device characteristics.
Accordingly, it is desirable to form a Ti metal layer 5 to be
provided with a Schottky junction on the front surface and
then to form an Ni metal layer 6 to be provided with an ohmic
junction on the rear surface. However, formation of an excel-
lent Ni ohmic junction requires annealing at approximately
1000° C., while a Ti Schottky junction is destroyed in such a
process at a high temperature. Therefore, in the present
embodiment, firstly formed is the Ni ohmic junction on the
rear surface and secondly formed is the Ti Schottky junction
on the front surface.

It is ideal, as in the invention described in Japanese Patent
Laid-Open No. 3890311 and illustrated in FIG. 2, to anneal
and burn to obtain excellent junctions at one time by using
metals ofa same type as a Schottky material for a front surface
and an ohmic material for a rear surface. However, this tech-
nique extremely narrows process margins and is not prefer-
able as a device cannot be manufactured stably and reproduc-
ibly.

Described below is a process of forming the ohmic junction
on the rear surface (surface on the opposite side of the n-type
epitaxial layer 2) of the substrate 1. The Ni metal layer 6
functioning as a first metal layer is evaporated onto the rear
surface of the SiC substrate 1, and then heat treatment (an-
nealing) is performed to form the ohmic junction. At this
stage, a planarized state and the like of the SiC carbon surface
on the rear side, formation of the Ni metal layer 6 for the
ohmic junction, and conditions in ohmic annealing are set
such that Ni silicide is appropriately formed at an interface
between SiC and Ni to prevent redundant carbons from
adversely affecting to cause segregation and the like.

When annealing is performed at approximately 1000° C.
after an Ni film having a thickness of 100 nm is formed in
order to form the Ni ohmic junction on the rear surface, the
front surface, which is required to be kept clean, is formed
with the sacrificially oxidized film 10 functioning as the pro-
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cess protective film. While annealing with Ni is applied to the
rear surface, the sacrificially oxidized film 10 prevents the
front surface of the n-type epitaxial layer 2 of an SiC wafer,
which is to be formed with a Ti Schottky junction, from being
exposed to Ni on the rear surface of the wafer or metal
impurities generated from an annealing device.

As described above, in a case where the Ni ohmic junction
is formed on the rear surface before the Ti Schottky junction
is formed on the front surface, protection by the thermally
oxidized film 10 of the surface to be formed with the Ti
Schottky junction can realize reduction of variations in char-
acteristics by Ti sintering 12 to be described later.

Second Step: Then, with reference to FIG. 1B, description
is given to the process until the Schottky junction is formed on
the front surface. The n-type drift layer (n-type epitaxial layer
2) is epitaxially grown on the (0001) silicon surface of the
n-type 4H—SiC substrate 1. Provided on the n-type epitaxial
layer 2 is the metal layer 5 by evaporating a Ti film function-
ing as a second metal layer. Patterning is performed onto the
metal layer 5, and then heat treatment (Ti sintering 12) is
applied at a temperature from 400° C. to 600° C., so that a
Schottky junction of desired characteristics is formed. Use of
Ti as the material for the Schottky junction allows desired
forward characteristics and simplifies fabrication processes
such as wet etching to be described later.

Formation of a Ti Schottky junction of stable characteris-
tics requires cautious control on a state of an interface thereof.
Specifically, in order to form a termination structure of the
GR implantation layer 3 and the JTE implantation layer 4, it
is important to control heat treatment in the annealing process
to activate Al ions implanted to the n-type epitaxial layer 2 as
well as to control the further following heat treatments.

In a Ti/n-type SiC Schottky junction, application of the Ti
sintering 12 increases barrier heights ¢B to about 1.25eV and
also reduces the variation thereof. The Ti sintering 12 is
preferably performed after patterning is applied to the metal
layer 5, since the Ti sintering 12 forms, at the interface
between Ti and n-type SiC, a transition layer such as a silicide
layer, which affects patterning of the Ti metal layer 5 by wet
etching or the like. The Ti sintering 12 is performed by keep-
ing the highest temperature from 10 seconds to 30 minutes
with a rate of temperature increase from 5° C./second to 25°
C./second. Such conditions in the Ti sintering 12 prevent
damages to the wafer due to rapid thermal distortion, and also
enable appropriate heating in a short period of time.

Third Step: With reference to FIG. 1C, description is given
to the process until a front surface electrode 7 is formed on the
metal layer 5. After the patterning and the Ti sintering 12 are
applied to the metal layer 5, evaporated thereonto is Al or the
like having a thickness of 3 um. In a photoengraving process,
patterning is applied to a resist opening by wet etching with
use of heated phosphoric acid or the like.

The Ti sintering 12 is more preferably applied after the Ti
metal layer 5 is formed thereon with an Al electrode pad (front
surface electrode 7) having a thickness of approximately 3
um. Application of the patterning and the Ti sintering 12 after
the electrode pad is formed is effective to increase adhesive-
ness at an interface between Al and Ti. Furthermore, pattern-
ing by wet etching can be applied at the same time to the
Schottky metal (Ti metal layer 5) and the electrode pad (front
surface electrode 7), resulting in decrease by one time the
number of photoengraving processes.

Fourth Step: Lastly, with reference to FIG. 1D, description
is given to the process until polyimide 8 and a rear surface
electrode 9 are formed. After metallizing the front surface
with Al, a surface sealant such as the polyimide 8 is applied
and burned on the n-type epitaxial layer 2 and the front
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surface electrode 7. The temperature for curing (burning) is
set to be lower by at least 50° C. than the temperature for
heating in the Ti sintering 12 for formation of the Schottky
junction, so as not to unstablize again the state of the interface
of the Schottky junction which is once stabilized by the Ti
sintering 12.

Then, after the polyimide is cured, the rear surface elec-
trode 9 is formed on the rear surface of the n* substrate 1 at the
last stage of the wafer process. Metallizing with Ni and Au
can improve solder wettability for a case where a chip is die
bonded on a rear surface thereof. It is noted that the rear
surface electrode 9 is formed after the polyimide is cured. If
the polyimide 8 were formed and cured lastly after the rear
surface is metallized with Ni and Au, Ni included in a lower
layer would be diffused in an Au surface to form Ni oxide in
the step of curing the polyimide at 350° C., thereby arising a
problem of extreme deterioration in solder wettability.

FIG. 3 is a graph showing measurements of characteristics
of the barrier heights ¢B in the SiC-SBD which is manufac-
tured in accordance with the above-described method. As
shown in FIG. 3, the barrier heights ¢B range from approxi-
mately 1.24 to 1.27 eV. In comparison with the barrier heights
¢B in a conventional SiC-SBD ranging from 1.05to 1.25 eV,
it is found that the variation is reduced in the present embodi-
ment.

As described above, in the method for manufacturing the
SiC-SBD according to the present embodiment, the silicon
carbide substrate is covered with the protective film until the
Schottky metal is formed, and the substrate is heated and
annealed by applying the Ti sintering 12 at a temperature from
400° C. to 600° C. after the Schottky metal film is formed. As
a result, the variations can be reduced in the forward charac-
teristics, and in particular, the variation in the barrier heights
¢B. Therefore, it is possible to manufacture and provide a
device chip having constant forward characteristics.

Second Embodiment

A method for manufacturing an SiC-SBD according to the
present embodiment is characterized in that sacrificial oxida-
tion is performed for a plurality of times. Below described is
the method for manufacturing the SiC-SBD according to the
present embodiment. A thermally oxidized film 10 which is
formed to protect a front surface of an n-type epitaxial layer 2
is removed after Al ions are implanted to form a termination
structure and before activation annealing is performed. Since
the thermally oxidized film 10 is irregularly disappears at a
temperature for activation annealing of at least 1400° C., the
thermally oxidized film 10 is entirely removed preliminarily,
s0 as to prevent adverse remaining thereof. Also in view of
avoiding and suppressing generation of surface irregularity
such as bunching steps as referred to in First Embodiment,
removing the entire SiO, thermally oxidized film 10 is effec-
tive to reduce variations in forward characteristics of a device
chip under a condition of a temperature exceeding a limit of
resistance to heat for the SiO, thermally oxidized film 10.

The uppermost front surface of the n-type epitaxial layer 2
after being applied with activation annealing for formation of
the termination structure is generally regarded to be unstable
with a lot of carbons included therein. Therefore, the upper-
most front surface thereof may be removed by approximately
0.1 um by performing dry etching such as RIE. Thereafter,
another sacrificial oxidation is performed to form again a
thermally oxidized film 10, also for a purpose of further
performing dry etching to remove surface damages. Perform-
ing sacrificial oxidation twice is also effective to reduce
defects in the process.
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As described above, sacrificial oxidation performed at least
twice in accordance with detailed situations in the process is
effective for reduction of defects in the process due to par-
ticles or for inactivation of crystal defects.

Third Embodiment

In First Embodiment, description is given to a case where
Ti is used as the Schottky electrode. However, it is possible to
use metal other than Ti, such as Ni, Mo, and W. Differences in
work functions and in effects of binding with SiC according
to metal materials definitely differ barrier heights ¢B in a
forward direction which are obtained as diode characteristics.

Fourth Embodiment

In First Embodiment, description is given to a case where
the SiO, thermally oxidized film 10 is used as the protective
film. However, it is possible to use, in place of the SiO,
thermally oxidized film 10, a CVD oxide film, an SiN nitride
film, an SiON oxynitride film, or the like.

While the invention has been shown and described in
detail, the foregoing description is in all aspects illustrative
and not restrictive. It is therefore understood that numerous
modifications and variations can be devised without depart-
ing from the scope of the invention.

What is claimed is:

1. A method for manufacturing a silicon carbide semicon-
ductor device, comprising:

(a) preparing a silicon carbide substrate;

(b) forming an epitaxial layer on a first main surface of said

silicon carbide substrate;

(c) forming a protective film on said epitaxial layer;

(d) forming a first metal layer on a second main surface of
said silicon carbide substrate;

(e) applying, after said step (d), heat treatment to said
silicon carbide substrate at a predetermined temperature
to form an ohmic junction between said first metal layer
and the second main surface of said silicon carbide sub-
strate;

(f) removing, after said step (e), said protective film from a
surface of said epitaxial layer;

(g) forming, after said step (f), a Ti layer on said epitaxial
layer;

(1) applying, after said step (g), patterning to said Ti layer
by etching;

(h) applying, after said step (i), heat treatment to said
silicon carbide substrate at temperature from 400° C. to
600° C. to form a Schottky junction of desired charac-
teristics between said Ti layer and said epitaxial layer,

(m) wherein said protective film prevents a surface of said
epitaxial layer from being exposed to impurities gener-
ated during said heat treatment of said step (e) and is
entirely removed from said surface of said epitaxial
layer before forming said Ti layer in said step (g).

2. The method for manufacturing the silicon carbide semi-
conductor device according to claim 1, wherein, in said step
(c), an SiO, film functioning as said protective film is formed
on said epitaxial layer.

3. The method for manufacturing the silicon carbide semi-
conductor device according to claim 1, wherein, in said step
(¢), an Si0, thermally oxidized film having a thickness from
10 nm to 50 nm and functioning as said protective film is
formed on said epitaxial layer.

4. The method for manufacturing the silicon carbide semi-
conductor device according to claim 1, wherein, in said step
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(h), as one of conditions in the heat treatment, the temperature
is kept at the maximum for 10 seconds to 30 minutes.

5. The method for manufacturing the silicon carbide semi-
conductor device according to claim 4, further comprising:

between said step (g) and said step (i), (k) forming an
electrode pad metal layer on said Ti layer, wherein

in said step (1), patterning is applied at the same time to said
Ti layer and said electrode pad metal layer.

6. The method for manufacturing the silicon carbide semi-
conductor device according to claim 4, wherein, in said step
(b), the epitaxial layer is formed on a (0001) silicon surface
which is the first main surface of said silicon carbide sub-
strate.

7. The method for manufacturing the silicon carbide semi-
conductor device according to claim 4, further comprising:

(1) forming implanting ions into said epitaxial layer to form
a termination structure to relax an electric field concen-
tration at the end of a Schottky electrode.

8. The method for manufacturing the silicon carbide semi-
conductor device according to claim 4, wherein, in said step
(c), an SiO, film functioning as said protective film is formed
on said epitaxial layer.

9. The method for manufacturing the silicon carbide semi-
conductor device according to claim 4, wherein, in said step
(c), an Si0, thermally oxidized film having a thickness from
10 nm to 50 nm and functioning as said protective film is
formed on said epitaxial layer.

10. The method for manufacturing the silicon carbide
semiconductor device according to claim 1, wherein, in said
step (h), as an additional condition in the heat treatment, the
temperature is increased at a rate from 5° C./second to 25°
C./second.

11. The method for manufacturing the silicon carbide
semiconductor device according to claim 1, further compris-
ing:

between said step (g) and said step (i), (k) forming an
electrode pad metal layer on said Ti layer, wherein

in said step (1), patterning is applied at the same time to said
Ti layer and said electrode pad metal layer.

12. The method for manufacturing the silicon carbide
semiconductor device according to claim 1, wherein, in said
step (b), the epitaxial layer is formed on a (0001) silicon
surface which is the first main surface of said silicon carbide
substrate.

13. The method for manufacturing the silicon carbide
semiconductor device according to claim 1, further compris-
ing:

(1) forming implanting ions into said epitaxial layer to form

a termination structure to relax an electric field concen-
tration at the end of a Schottky electrode.

14. The method for manufacturing the silicon carbide
semiconductor device according to claim 1, further compris-
ing:

(j) applying a surface sealant onto said epitaxial layer and
onto said Ti layer, and applying heat treatment to the
surface sealant at a temperature lowered by at least 50°
C. than the temperature of the heat treatment to form a
Schottky junction between said Ti layer and said epi-
taxial layer in said step (h).

15. The method of manufacturing the silicon carbide semi-

conductor device according to claim 1, wherein said step (f) is
performed by fluorine etching.



